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Abstract We present results of a microscopic calculation 
using NJL-type model of possible spin-one pairings in two 
flavor quark matter for applications in compact star phe- 
nomenology. We focus on the color-spin locking phase (CSL) 
in which all quarks pair in a symmetric way, in which color 
and spin rotations are locked. The CSL condensate is par- 
ticularly interesting for compact star applications since it is 
flavor symmetric and could easily satisfy charge neutrality. 
Moreover, the fact that in this phase all quarks are gapped 
might help to suppress the direct Urea process, consistent 
with cooling models. The order of magnitude of these small 
gaps (~ 1 MeV) will not influence the EoS, but their also 
small critical temperatures (T c ~ 800 keV) could be relevant 
in the late stages neutron star evolution, when the tempera- 
ture falls below this value and a CSL quark core could form. 
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1 Introduction 

The most favorable places in nature where color supercon- 
ducting states of matter are expected to occur are the interi- 
ors of compact stars, with temperatures well below 1 MeV 
and central densities exceeding the nuclear saturation den- 
sity po by several times. 

Color superconductivity has been widely studied from 
non-perturbative low-energy QCD models where gaps of the 
order of magnitude of 



(119981) : lAlford et al.l dl998l) ). One of the effective models 
most used is the Nambu Jona-Lasinio (NJL) model that con- 
siders that the quarks interact locally by a 4-point vertex ef- 
fective force and disregards the gluon degrees of freedom. 
The model uses an attractive interaction in the scalar meson 
channel that causes spontaneous chiral symmetry breaking 
if the coupling is strong enough. At the mean field level, the 
model shows how quarks acquire a dynamical constituent 
mass, which is proportional to the vacuum expectation value 
of the scalar field. The NJL model has then been extended 
and widely used to described successfully chiral restoration 
at finite temperatures an d color superc onductivity at finite 
density (for a review see lBuballal d2005l) ). 

For compact star applications, color superconducting quark 
matter phases e nforcing colo r and charge neutrality has b een 
widely studied ( iAlford et al.ld200il) : ISteiner et alJd2002h ). It 
has been shown that local charge neutrality may disfavor the 
occurrence of phases with large gaps where quarks with dif- 
ferent flavor pair in a spin-0 condensate, like the 2SC phase 
dAlford & Rajagopall d2002l) ). On the other hand, NJL-type 
model calculations show that the intermediate density region 
of the neutral QCD phase diagram, where the quark chem- 
ical potential is not sufficiently large to have the strange 
quark d econfined (m > 430-5 00 MeV, see lBuballa & Oertell 
d2002h : lNeumann et all d2002l)), might be dominate d by u,d 
quarks dRuster et alJ d2005h : iBlaschke et all d2005h ). If this 
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is the case, 2-flavor quark matter ph ases may occupy a larg e 
volume in the core of compact stars (Grigo rian et al.l (2004); 
IShovkovvetai]d2003h l. 

While the stability of neutral 2SC pure phase is rather 
100 MeV has been calculated dRapp et a<P del dependent and might be unlikely for moderate cou- 

Z__ phng c onstants d Aguilera et al.l d2005l ): lGomez Dumm et alJ 

d2006h '). phases with other pairing patterns (or none at all) 
become important for the phenomenology of neutron stars. 
Then, besides ot her possibilitieaj , quarks could pair i n spin- 
one condensates (Schafer (2000): I Afford et al.1 d2000h ). 
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1 no pairing (normal quark matter), pairing with displacement of the 
Fermi surfaces (LOFF or crystalline structure) or deformation of the 
Fermi surfaces , interior gap structure, gapless 2SC or gCFL, etc. 
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These condensates with small pairing gaps (A ~ 1 MeV), 
are not expected to have influence on the equation of state 
but could strongly affect the transport and thermal properties 
of quark matter and therefore leads to consequences for the 
phenomenology of compact stars. 

An energy gap in the quasiparticle excitation spectrum 
introduces a suppression of the neutrino emissivity and the 
specific heat of the paired fermions by a Boltzmann factor 
exp(— A /kT) for T smaller than the critical temperature T c 
for pair formation. Thus, since the neutrino luminosity is 
strongly dominated by the neutrino emission from the core, 
the cooling of a neutron star during its early life will be 
affected by the dense matter pairing pattern. On the other 
hand, most of the specific heat of the star is provided by 
the core and it shows a discontinuity when the star temper- 
ature crosses T c . A comparison of cooling curves with ob- 
servations could provide a hint to discriminate dense mat- 
ter phases. Several studies have shown that the occurrence 
of unpaired quarks in the core leads to rapid cooling via 
the direct Urea process , incompatible with the observations. 
Thus, phases that present no gapless modes with small pair- 
ing gaps (A ~ 1 MeV) prevent the direct Urea to work un- 
controlled and mig ht help to give a consis t ent picture of the 
observ ed data (seelPage et alJfeOOOl |2004 ; lYakovlev & Pethic 
d2004l) : iGrigorian et all faOOS) ). 

On the other hand, it has been demonstrated that the CSL 
phase exhibit a Meissner effect and the magnetic field of a 
neutron star would be expelled from a CSL quark core if it 
does not exceed the crit ical magnetic field B r that destroy the 
superconducting phase ISchmitt et all (120031 This hypothe- 
sis might be consistent with recent investigat ions that indi- 
cate the crust confination of the magnetic field Gepp ert et al.l 
d2004l) : lP6rez-Azorfn et all d2006h . 

To study this qualitatively, we present in this work a sum- 
mary of the results obtained in previous works of NJL model 
calculations of two spin-one pairing patterns, focusing in the 
CSL phase, and a new analysis of features that are relevant to 
apply the CSL in phenomenological applications, like com- 
pact star cooling or protoneutron star evolution. 



being G the coupling constant in the meson scalar channel. 
In the density regime investigated, these condensates are rel- 
atively small but their finite size have consequences in the 
dispersion relations (see discussion in Absence of ungapped 
modes in Sec. l3.2l and FigO. 

After performing a linearization of Jz? e ff in the presence 
of the condensates and providing the inverse of the fermion 
propagator in Nambu-Gorkov space 

fi + liff-M A 

-A f f)-\i f f-M / 
performing usual techniques of thermal field theory, the ther- 
modynamical potential Q (T,jif) can be derived. At the mean- 
field level, i.e. the stationary points 
8Q n 8Q n 

TT7=0> TT^=0, (4) 



S~ 1 (P) 



(3) 



8 A' 



8M 



f 



define a set of gap equations for A' and Mf. Among the so- 
lutions, the stable one is the solution which corresponds to 
the absolute minimum of £2 . 

The parameters (current quark mass m = m u = mj, the 
coupling G, and three dimensional cut-off A ) have been de- 
termined by fitting the pion mass and decay constant to their 
mpirical values and to vacuum constituent quark mass at 
ero momentum, M. In this work we consider 2-flavor quark 
matter (u,d) assuming that the m s is large enough to appear 
only at higher densities. 

In this work we will also reference results obtained in 
nonlocal extensions of the NJL model. The idea basically is 
to modify the quark interactions in order to act over a cer- 
tain range in the momentum space introducing momentum 
dependent form factors g(p) in the the current-current in- 
teraction terms. We will skip the details on the model but 
the main consequence is that the inclusion of high momenta 
states beyond the usual NJL-cutoff causes a reduction of the 
diquark condensates and a lowering of the chiral phase tra n- 
sition (for a complete discussion see Agui lera et al.l d2006)). 



3 Spin-one pairing for compact stars applications 



2 Brief on the model 



We consider a two-flavor system of quarks, q = (u, d) T , with 
an NJL-Lagrangian Jz? e ff = Jfo+Jf q q+Jf qq . which contains 



a free part «2o = q (i — m) q , a quark-antiquark interaction 
channel ^£ qq that corresponds to the condensate for each fla- 
vor/ 



a 



f 



(1) 



and a diquark channel J£ qq with color superconducting con- 
densate matrix A (components A') which we will made ex- 
plicitly in Sec. [3] The condensates fl} are responsible for 
dynamical chiral symmetry breaking in vacuum and define 
the constituent quark masses as 



Mf = ntf— AGOf 



(2) 



3.1 Unlikely: 2SCb phase 

Besides the spin-0 isospin singlet condensate (2SC) of two 
colors (e.g. red and green), the remaining unpaired color 
(say blue) could pair in an anisotropic spin-one channel with 
an exp ectation value of C — (d T Ca 03 T2 P^q) (se e lBuballa et alJ 
d2003l) for NJL and lAguilera & Blaschkd d2005h for a non- 
local extension). Then, in the 2SCb phase we assume 

A 2SCh = A(r 5 T 2 h)(8 c , r + 8 c , g )- 
and the thermodynamical potential is 



•4'(a 03 T 2J p( c) )5 c ,„ 



(5) 



n 



ISCb 



(T,li) = 



(M f - mf 



AG 
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d 3 p 
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(6) 
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3.2 Likely: Color Spin Locking phase in compact stars 
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Fig. 1 Spin-0 2SC + spin-1 of the blue quarks pairing pattern (left 
panel) and the corresponding dynamical mass and energy gaps (right 
panel) for symmetric two-flavor quark matter, fi u = fij. Parameters: 
A = 595.5 MeV, GA 2 = 3.37, m = 5.56 MeV. Fixed M = 380 MeV. 



The dispersion relations for the 2SC-paired quarks (r, g) 

(E^ 2 ) 2 = (E~) 2 = (s-p) 2 + \A\ 2 , (7) 

with the free particle energy £ 2 = 
color (b) quarks 

(E3-) 2 = (e eff - Meff ) 2 + K ff | 2 



-M l and for the third 



(8) 



where the effective variables depend on the angle 6, with 
cos0 = P3/|p|, and are defined as 



F 2 
fc eff 


= p 2 +M 2 B , 




(9) 


M ef[ 


= M— , 

Meff 




(10) 


Meff 


= p 2 +\A'\ 2 sm 2 




(11) 


Kffl 2 


= |4'| 2 (cos 2 + 


M 2 . 
Meff 


(12) 



The antiparticles states E + are obtained replacing jj. by 
— fi and the coupling constants are taken as G\ = 3/4Gi and 
G2 = 3/I6G2, from instanton induced interactions. 

In Fig.Q]we show the results of solving the gap equations 
© for Mf, A and A'. The gaps A' are strongly pi -dependent 
rising functions and typically of the order of magnitude of 
keV, at least two orders of magnitude smaller than the corre- 
sponding 2SC gaps. For the nonlocal extension, the gaps are 
even smaller, not larger than A' w 0.05 MeV in the fi -range 
shown in Fig. Q] Such small gaps will have no influence on 
the equation of state and in this pattern the are no quarks 
that remain unpaired. Nevertheless, it is unlikely that the 
blue quark pairing could survive the constraint imposed by 
charge neutrality: the Fermi seas of the up and down quarks 
should differ by about 50-100 MeV and this is much larger 
than the magnitude of the gap in the symmetric case. 



Single flavor spin-1 pairs are good candidates since they are 
inert against large splittings in the quark Fermi levels for dif- 
ferent flavors cause d by charge n eutral ity. They hav e been 
introduced first in ISchaferl d2000l) and lAlford et all d2000l) 
and thei r propert i es hav e been investigate d later more in de- 
tail, se e lSchmittl d2004l) and more recently Alfor d & Cowanl 
Among many possible pairing patterns (polar, pla- 
nar, A, CSL), the transverse Color-Spin-Locking phase (CSL) 
has been demonstrated to be the ground state of a spin-1 
color sup erconductor at T = having the largest pressure 
dSchmitl)d2004l» . Their non-relativistic limit reproduces the 
B-phase in 3 He, which locks angular momentum and spin 
and is also the most stable phase at T = 0. We will show the 
features that make the CSL likely to occur in the interior of 
compact stars. 

Single flavor and color neutral condensates. In the CSL con- 
densates the color and spin are locked 

(qj Cr% q f ) = {q T f Cy% q f ) = (qj Cfh q f ) = 77/(13) 

in an antisymmetric antitriplet in the color-space and an ax- 
ial vector in the spin-space. A scheme of the pairing is shown 
in Fig [2] on the left. One can see immediately, that since 
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Fig. 2 Spin-1 CSL pairing (left panel) and the corresponding dynam- 
ical mass and energy gaps (right panel as a function of a single flavor 
chemical potential jif, with / = u,d). For the NJL model (thick lines) 
the same parameterization as Fig.|TJis used. For the non local extension 
(label L3), parameters are fixed to M = 380 MeV, see Aguile ra"et all 
(2006). 



Cooper pairs in the CSL phase are single flavor the results 
will not be affected by charge neutrality and thus we have 
overcome one of the most restrictively constraints of quark 
matter in compact stars. Moreover, there are equal number 
of color antitriplets (F, g, b) and color neutrality is automat- 
ically fulfilled. The CSL diquark gaps are 



A f =4H v ri f , 



(14) 
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where H v = 3 /8G from Fierz-transformation of single gluon 
exchange. 

On e finds that the different flavors (a, d) decouple (Agu ilera et al.l 
( 120051) 1 and the thermodynamic potential is given by the sum 
ng{T,n) = Q u {T,ii u )+a d {T,n d ) where 



1 

8G 

6 

I 

Jfc=l - 



(Mf - rri 
d 3 p 



w^ 2 

E f . k + 2T\n(\+e 



-Ef*/T 



))(15) 



Absence of unmapped modes Defining the effective variables 
as modified by the factor Mf/fit that counts for finite mass 



effects 




£/,eff = P 2 +^/,eff , 


(16) 




(17) 


M/,eff = Hf + \Af\ 2 , 


(18) 


M f . 
A fjeB ~ J \A f \ 


(19) 



we can express the dispersion relation £ i for the first particle 
mode in the standard form 

= ( £ /.eff - M/,eff) 2 + ^eff . ( 20 ) 

while for the other particle modes the following approxima- 
tion can be used 



tifo~(e f -ii f y + c%j\A f \*. 

The dispersion relations for the antiparticles (k = 2, 4, 6) can 
be obtained replacing ji by — ji and the corresponding coef- 



(21) 



ficients cy\ 5 by 6 (see lAguilera et al.l d2005l) for a com- 
plete treatment). 

The results of solving the gap equations © for the CSL 
phase are shown in Fig.|2](right panel). The dynamical quark 
mass and the diquark gap are plotted as functions of jj.f. 
Their corresponding excitation energies i = 1 — 6 for 
at the critical chemical potential pL c , the onset for the CSL 
phase, are shown in Fig. [3] 

From Fig. [2] we see that the CSL gaps are strongly /in- 
dependent functions in the considered domain. Since the con- 
stituent mass in vacuum M determines the jx c at which the 
chiral phase transition takes place (and thus the onset for 
the superconducting phase), the low density region is qual- 
itatively determined by the parameterization. This is crucial 
for the later matching of the quark sector with a high density 
nuclear matter EoS and for the construction of stable config- 
urations of hybrid stars. Models with an onset of the quark 
matte r phase at high dens ities might not give stable quark 
cores (Bub alla et alJ(l2004h l. 

From Fig. [3] we have learned that there are no gapless 
modes as a direct consequence of keeping the finite size of 
the mass of the u,d quarks in 119) . This may play a crucial 
role suppressing the neutrino emissivities and preventing the 
direct Urea process to work. With unpaired quark species, 
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Fig. 3 Excitation energies in the CSL phase as a function of the mo- 
mentum at ji c = 371.4 MeV, corresponding to the Fig. [2] Particle 
modes E\ , £3 , £5 are zoomed in the upper corner on the right show- 
ing that there are no gapless modes. Antiparticle modes £2,^4,^6 are 
superimposed and shown as thin lines. NJL model 



the direct Urea is so efficient that cool down the star too fast, 
in disagreement with observational datfl 



3.3 Neutral CSL and critical temperatures 

It is straightforward now to consider charge neutral matter 
introducing an electron chemical potential jj, e , with jx u = jJ. — 
and ^ = /I + such that the total charge vanishes. 
Therefore, the effect of introducing charge neutrality is that 
the energy gap for the two flavors splits in two branches: 
A c j, A u , where A u < A c i for a given jU as it shown in Fig. |4j 
The difference between them could be as large as a factor 
Pss 10 for low densities. The onset for neutral CSL matter is 
displayed in both parameterizations considered. 

We analyze the temperature dependence of the gaps in 
Fig. [5] They show a decreasing behavior that ends at the crit- 
ical temperature T c where a second order phase transition to 
normal (unpaired) quark matter occurs. It is worth to notice 
that the critical temperature T c for the CSL phase deviates 
from the BCS relation (T c w 0.51 A (T = 0)) as it has been 
demonstrated for weak coupling in lSchmittl 120041) . and fol- 
lows 



r c/ » O.S2A f (T = 0) 



(22) 



Our calculations confirm this result and are shown in the 
phase diagram of Fig. [6] After the critical potential fi c for the 
occurrence of CSL phase, (/x c = 382. 1 MeV for the M = 380 
MeV parameterization), two lines labeling T c for the two fla- 
vor species appear: as quark matter cool down, first the d 

2 although data might be also consistent with models that allow di- 
rect Urea in quark matter, lowering the core temperature but retain the 
surface temperatu re high enough due to e.g. Joule heating in the crust 
(Pons etal. (200(|). 
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Fig. 4 Neutral matter: Ad, A u as a function of fi. Two different param- 
eterizations are considered: M = 300 MeV on the left and 380 MeV 
on the right. Note the different scales for A in both cases showing that 
A is very sensitivity to the variation of the constituent mass M and the 
corresponding parameterization. 




4 6 8 10 2 4 6 
T [MeV] T [MeV] 



Fig. 5 Neutral matter: Temperature dependence of the CSL gaps. 

quarks (solid line) will condense and then, at lower temper- 
atures, the phase transition for the u quarks (dashed line) will 
take place. Thus, when the temperature falls below 1 MeV 
is likely that the two flavor quark matter will be in the CSL 
phase. 

Although a comparison of the CSL free energy with the 
energy for other possible pairings remains to be don^3, and 
will decide whether the CSL phase is preferable, there are 
many indications that point in the same direction. First, NJL 
model calculations show that when a moderate coupling con- 
stant for the usual 2SC phase is considered, two flavor nor- 
mal quark matt er dominates the in t ermediate region of th e 
phase diagram dRuster et all d2005l):lBlaschke et al] d2005l) ). 
Then, recently in lAlford & Cowan] d2006l) . single pairing NJL 

3 cristallyne phases, phases with consistent treatment of the strange 
quark mass, etc 



Fig. 6 Two flavor neutral matter at intermediate densities: critical tem- 
peratures are shown for the d (solid line) and for u (dashed line) quarks 
as a function of /i. The thick lines correspond to the parameterization 
of NJL with M = 300 MeV and the thin lines to M = 380 MeV. 

model calculations performed with massless u — d quarks 
and the mass of the s quark taken through an effective chem- 
ical potential, show that for large strange quark mass, CSL 
dominates the phase diagram at low temperature and a sec- 
ond order phase transition to unpaired quark matter occurs 
as the temperature increases. So, we expect that when the 
densities in the interior of a compact star are high enough to 
allow for two-flavor quark matter but not so high to have the 
strange quark deconfined, and the temperature has fallen be- 
low T c , a CSL quark core might develop. Moreover, for such 
small gaps the pressure is expected to be approximately the 
one of the normal u — d quark matter and it has been ob- 
tained that hybrid stars w ith a relatively large no rmal quark 
matter core can be stable dGrigorian et alj d2004l) ). 



3.4 Neutral CSL and magnetic field 

Let's suppose that in the core of a neutron star the density is 
high enough that a quark core could be formed and has al- 
ready condensed to the CSL phase. The final question we try 
to address is the nature of the interaction between the mag- 
netic field present in a neutron star and the CSL quark core. 
Although this is a question that requires a careful analysis, 
the aim of this section is to review the work done on this 
matter and present estimations derivate from the CSL gaps 
calculated before. 

For the interaction of the CSL phase with an external 
magnetic field B it has been stated that the CSL phase ex- 
hibits an electromagnetic Meissner effect dSchmittetal.ld2003[) ) 
since all the gluons and the photon acquires a non-vanishing 
Meissner mass proportional to the quark chem ical potential 
(multi plied by the appropriate gauge coupling) dSchmitt et alJ 
(2004)). The formation of the Cooper pairs breaks the sym- 
metry (color-spin) SU{3) C x SO(3)j to SO(3) c+J , that is a 
global symmetry. Concerning electromagnetism, it was shown 
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that there is no symmetry subgroup left of SU(3) C X U(l) em 
different from the trivial and thus there is no combination 
of color and electric charge for which the Cooper pairs are 
invariant 

This is in contrast to the spin-0 2SC and CFL phases that 
although the condensate has non-zero electric charge, there 
is a residual local symmetry 0(1) with an associated lineal 
combination of the photon and a gluon ("rotated photon") 
that remains massless. The "rotated" B field c an penetrate 
and pr opagate in the 2SC and in the CFL phase (Alfo rd et al.l 
(2000)). Therefore, 2SC and CFL phases are not supercon- 
ductors from the electromagnetic point of view and the mag- 
netic field B will penetrate without the restriction to be quan- 
tized to flux tubes and is stable over very long time scales. 
On the other hand, B cannot penetrate in the CSL phase un- 
less it exceeds the critical magnetic field B c that destroy the 
superconducting phase. 

Similarly to the ordinary superconductors, we can esti- 
mate the penetration length as the inverse of the Meissner 
mass of the photon (7) and/ or the gluon (a) that would pen- 
etrate the matter following (Schmi tt et all d2004l) ) 



1 



1 



Yf,a 



(23) 



where e, g are their corresponding coupling constants in dense 
matter. At densities in neutron stars, photons are weakly 
coupled e 2 /4n ~ 1/137 while gluons are strongly coupled 
g 2 1 An m 1 and taking a typical value of fx ~ 400 MeV we 
obtain^ that the penetration length is A ~ 1 — 10 fm. 

The coherence length is proportional to the inverse of 
the energy gap ^ ~ 1 /A and from our previous results we 
obtained that being A ~ 1 MeV w 1 /200fm. Then, the ratio 

A 1-10 



200 



<< 1 



(24) 



confirms that CSL is a Type-I superconductor and the mag- 
netic field would be expelled from macroscopic regions if 
it does not exceed the critical field to destroy the conden- 
sate. This may be consistent with recent investigations that 
state that surface temperature anisotropics inferred from the 
obser vations are due to the crust confination of the ma gnetic 
field dGeppert et al.ld2004h : IPe~rez-Azorin et alJd2006h '). More- 
over, studies of the light curves of neutron stars have shown 
evidence of precession and if this is confirmed, this might be 
inconsistent with Type II superfluity. Because of the strong 
interaction between the rotational vortices and the flux tubes 
in the latter, Type I superconductivity may be required dLinkl 
d2003k 

We can estimate the crit ical field B r using the Ginzburg- 
Landau approach following Bail in & Loveldl983l) . 

B?=8 ^W' (25) 

Assuming that due to the low mass of u, d, the Fermi mo- 
mentum pp ~ jU and if the T « T c then the parameter 

4 Heaviside-Lorentz units are used: jXo = eo = \,h = c = k= l,e = 
s/AltjlYI » 0.3, g » 3.5 and thus GeV 2 = 5.10 19 G 



400 450 500 550 450 500 550 
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Fig. 7 Estimated critical B as a function of fi for CSL neutral matter. 
Note the different scales for the two parameterizations used. 



t = (T — T c ) /T c ~ 1 . We can also express T c « 0.824 (T = 0) 
and consider the fx -dependence of the gaps to obtain B c (n)~ 
0.8 /i A (ft) and in relevant units 



B c (n) = 1.6 



V400MeV/ V MeV 



10 16 G 



(26) 



Therefore for typical values of fi = 400 MeV and CSL gaps 
not exceeding A = 1 MeV, we have that B c ~ 10 16 G. In 
Fig. |7] we display B c (jj.) taking into account the density de- 
pendence of our previous NJL model results. As the figures 
show, B c is highly density dependent, and due to the differ- 
ent ji u , there is a splitting in the critical field for the two 
flavors: B" <B d c . 

What are the consequences for compact stars? First, due 
to the strong density dependence, we expect that if a CSL 
quark core forms, it begins to grow from the center of the 
star. Since it is a Type I superconductor, the magnetic field 
will be expelled from it. If B is not so large that the CSL 
phase persist against the magnetic field (B < B"), then, the 
characteristic times for the expulsion of the field over macro- 
scopic region s and for the quark core grow start to compete. 
According to lOuved et alj d2004[) . the magnetic field expul- 
sion time over a sizable region (~ 10 m) can be evaluated 
as proportional to the el ectrical conductivity in t he normal 
phase a e , ~ lO 23 " 24 ^ 1 dShovkovv & Ellis! d2003la 



( 



,exp ~ ll0 23 s- ] 



10m 



B 



10 15 G 



(27) 



getting typical values of seconds. An estimation of how fast 
the quark core develops is unknown, but if it is much smaller 
than T exp it might not have time to expel B. Since CSL and 
the magnetic field do not coexist, B would be frozen in an 
mixed state composed of alternating regions of normal ma- 
terial with flux density H c and superconducting material ex- 
hibiting Meissner screening. This would be also the case for 
intermediate fields, comparable with B c . For the case B c u < 
B < B c d , although B will try to destroy the u— condensates, 
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^-currents will cancel the field inside, restoring the super- 
conducting phase. As a results, we speculate that the field 
structure will be rearranged to give the mixed state described 
above. 

The spin down estimates from highly magnetized neu- 
tron stars (magnetars) show that the magnetic field could be 
as large as B ~ 10 15 G dWoods & Thompson! (12004) 1. If one 
consider that they could reach even higher values (one order 
of magnitude more?) as a results of flux conservation into 
confined regions, the scenario of a CSL quark core under 
the stress of magnetic fields that are of the order of B c seems 
not to be unrealistic. 



4 Summary and outlook 

We summarize here the interesting features that the CSL 
phase presents for compact star applications: 

- since Cooper pairs are single flavor they are not affected 
by charge neutrality 

- color neutrality is automatically fulfilled 

- there are no gapless modes. This has important conse- 
quences e.g. in neutrino emissivities, suppressing the di- 
rect Urea process that leads to a rapid cooling 

- their small gaps (A ~ 1 MeV) will not influence on the 
EoS, and the pressure is expected to be approximately 
the one of the normal McZ-quark matter without pairing. 
Similar to the latter, stable hybrid star configurations could 
be obtained with a relatively large quark matter core. 

- it exhibits a Meissner effect and the magnetic field of a 
neutron star would be expelled from a CSL quark core if 
it does not exceed the critical magnetic field B c that de- 
stroy the superconducting phase. This hypothesis might 
be consistent with recent investigations that indicate the 
crust confination of the magnetic field. Moreover, the hy- 
pothesis of a Type I superconductor is supported by the 
inferred precession of some compact objects. 

This study presents a qualitative analysis of the spin-1 
pairing and cannot be taken as conclusive to decide whether 
this phase could be realized in neutron star cores. However, 
the features listed show that CSL could be consistent with 
the phenomenology of compact stars in many aspects. 
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